On storage, pigmented (orange or yellow) strains of Staphylococcus aureus produce non-pigmented variants which are more susceptible to desiccation and to linoleic acid than are the corresponding wild strains. The association of these properties could explain why most staphylococci isolated from clinical sources are pigmented, although the pigmented character is lost at high frequency in vitro.
INTRODUCTION
Non-pigmented derivatives of Staphylococcus aureus are often found in subcultures of stored organisms (Pinner & Voldrich, 1932 ; Doudoroff, 1936) ; non-pigmented clones can arise in pigmented colonies, giving a sectored appearance (Servin-Massieu, 1961) ; and treatment with nitrosoguanidine can result in irreversible loss of the capacity to synthesize pigment (Altenbern, I 967). These observations suggest that the genes responsible for pigment production in S. aureus are located on a plasmid, but there is no proof for this (Novick & Bouanchaud, 1971) .
Although loss of the ability to synthesize pigment in Staphylococcus aureus appears to be irreversible, more than 90 % of strains isolated from clinical sources are pigmented (Willis, Smith & O'Connor, 1966) . This strongly suggests that pigmented strains have some advantage over non-pigmented strains in vivo. In this paper we show that pigmented strains of S. aureus are more resistant than non-pigmented strains in vitro to such factors as desiccation and linoleic acid, which probably contribute to the elimination of staphylococci in vivo.
The problem of the location of the genes coding for pigment production and for this increased resistance was also investigated.
METHODS

Strains.
Strains of Staphylococcus aureus were obtained from clinical sources. Singlecolony isolates were stored on nutrient agar slopes at room temperature without subculture.
Media, bacteriophage typing, determination of antibiotic sensitivity, detection of haemolysin and lipase production and transduction. These were as described previously (Lacey, I 
972).
Pigmentation. Observations of colonies on milk agar (Lacey, Alder & Gillespie, 1970 ) were made after 48 h at 37 "C followed by 48 h at 20 "C.
Treatment with nitrosoguanidine. The method of Altenbern (1967) was used : cultures were treated with nitrosoguanidine (100 ,ug/ml for 10 to 60 min) to give about I % survival.
Survival of strains on glass. The method used was similar to that used for survival on skin (Lacey et al. 1970) . Overnight broth cultures of the pigmented and the corresponding nonpigmented strains were mixed, washed in distilled water and resuspended in distilled water to give about 5 x 106 cocci/ml. Grease-free glass rectangles (40 x 24 mm) were inoculated with this suspension (0.01 ml/rectangle), allowed to dry at room temperature (about 5 min), and then placed at 37, 30 or 20 "C. (The relative humidity at 30 and 37 "C varied from 40 to 60 %, and at room temperature from 60 to 80 %.) After 5 h (or 20 h in the case of incubation at room temperature) the glass rectangles were sampled by placing their inoculated surfaces successively on 12 areas of milk agar. After incubation, the numbers of pigmented and non-pigmented colonies were recorded. Knowing the initial ratio of pigmented to non-pigmented cocci (obtained by plating the initial inoculum directly on milk agar), the survival of each non-pigmented variant relative to that of the corresponding pigmented strain could be calculated.
Determination of amount of DNA per cell. Cultures were grown aerobically overnight in nutrient broth at 37" C in an orbital incubator. Inocula of about 106 bacteria/ml were used and under these conditions stationary phase is usually reached within about 6 h. Viable counts were made by mixing equal volumes of cultures of the pigmented and corresponding non-pigmented strain, and then plating suitable dilutions on nutrient agar, on nutrient agar+ I % (v/v) glycerol monoacetate, and on milk agar. (Pigmented and nonpigmented strains were mixed to ensure that an accurate ratio was obtained, regardless of the efficiency of dilution and plating. The mixtures were plated on three media to guard against the possibility that one of the strains was selectively inhibited by one of them.) The overnight cultures were harvested separately by centrifugation at 37ooog at o "C, washed with saline and resuspended in 5 % (w/v) trichloroacetic acid (TCA). After 30 min at o "C the mixtures were centrifuged and the pellets resuspended in 5 % TCA ( 2 ml of TCA for every 10 ml of original culture volume) and heated at 90 "C for 20 min. The supernatant fluid was then assayed by the diphenylamine method of Burton, as modified by Giles & Myers (1965) . Calf thymus DNA (Sigma London Chemical Co. Ltd, London, S.W.6) was used as the standard.
Ethidium bromidelCsC1-gradient centrifugation. Cultures were labelled with tritiated thymidine, lysed with lysostaphin, and the lystates centrifuged in ethidium bromide/CsClgradients as described previously (Lacey & Grinsted, I 972) .
Preparation of DNA. Non-radioactive DNA was prepared from overnight cultures grown in nutrient broth at 37 "C. Cultures were harvested, washed with SET buffer (0. I 5 M-NaCl, 0 -I M-Na,EDTA, 0.05 M-tris(hydroxymethyl)aminomethane, pH 8) and resuspended in SET buffer. Lysostaphin (50pg/ml) was added and the mixture then incubated at 37 "C for 30 min. DNA was prepared from the resulting lysates by a method essentially the same as that of Marmur (1961) .
Radioactive DNA was prepared from cultures after growth in [5-3H]thymidine (20 pCi/ ml, 5 Cilmmol) or [2-14C]thymidine (I pCi/ml, 61 pCi/pmol). Overnight cultures were diluted I : IOO with fresh nutrient broth, radioactive thymidine was added and incubation then continued in an orbital incubator at 37 "C. After 4 to 5 h, the cultures were harvested and lysed as described above. Lysates were deproteinized with chloroform and then adjusted to a density of 1.70 g/cm3 by the addition of solid CsCl and SSC buffer (0-15 M-NaCI, 0.015 M-trisodium citrate, pH 7). These solutions (7.0 ml) were centrifuged in the TO x 10 ml angle-head rotor of the MSE Superspeed 50 ultracentrifuge at 43000 rev./min at 20 "C for 45 h, and then fractionated into twenty 20-drop fractions. Radioactivity in samples (0.01 ml) of each fraction was determined and fractions containing the radioactive DNA were pooled and dialysed versus 2 x SSC. These solutions of DNA were finally treated with ribonuclease A (50 pg/ml at 37 "C for I h) and then pronase (roo pg/ml at 37 "C for I h). All solutions of DNA were dialysed extensively versus 2 x SSC. DNAIDNA hybridization. The method was essentially that of Denhardt (I 966), as described in detail by Saunders & Grinsted (I 972) . Nitrocellulose filters containing unlabelled DNA (20 ,ug/filter) from the pigmented or non-pigmented strain were added to solutions containing radioactive DNA from both the pigmented and the non-pigmented strain (one labelled with 3H (about 50000 c.p.m.), the other with 14C (about 5000 c.p.m.); 0.01 to 0.05 pg of each). After incubation at 65 "C for 15 to 17 h, the amounts of 3H and 14C which had bound to the filters were determined and corrected for the radioactivity which had bound to blank filters in the same solutions. (Less than 0.1 % of the input radioactivity bound to blank filters or to filters which contained 20 ,ug/ml of pseudomonad DNA.)
Since the unlabelled DNA on the filter is in excess, the proportion of labelled homologous DNA (which is isolated from the same strain as was the unlabelled DNA on the filter) which hybridizes to it is a direct measure of the efficiency of hybridization. The radioactivity from the other labelled DNA which hybridized was corrected for this efficiency and the corrected values used to calculate the proportion of labelled test DNA which could hybridize. Efficiencies of hybridization ranged from 0.3 to 0.5.
R E S U L T S
Origin and general properties of strains Six hundred and thirty-one coagulase-positive strains of Staphylococcus aureus were isolated from hospital and non-hospital sources in Bristol during 1967 and 1968: 45 (7 %) gave white colonies, 217 (34 %) yellow, and 369 (59 %) orange. Single-colony isolates of four of the strains producing yellow pigment and three of those producing orange pigment were stored on agar slopes at room temperature. After I to 3 years, a proportion of the colonies (0.6 to 40 %) obtained by subculture of every one of these slopes was non-pigmented; one non-pigmented variant of each strain was investigated. (Although pigmented strains all gave rise to non-pigmented variants on storage, storage of non-pigmented strains never resulted in the appearance of a pigmented variant.) Another strain producing orange pigment (strain FAR5) was isolated in 1971 ; after 3 months of storage non-pigmented variants comprised 0.02 % of the colonies obtained after subculture of a slope of this strain. One of these variants was also studied.
Non-pigmented variants were identical to the corresponding pigmented strains in bacteriophage typingpattern and in many other properties (Table I) . (Exceptions were production of free coagulase by strains 6936 and 805, and production of a-toxin by strain 609.) Compared with the corresponding pigmented strains, the variants often gave bigger colonies on P, produces penicillinase. Resistance to : N, neomycin ; F, fusidic acid; S, streptomycin; T, tetracycline; E, erythromycin. solid media and had faster growth rates in liquid media. These differences were not consistent, and broth cultures of either usually grew to about the same culture density overnight. However, if cultures of pigmented and non-pigmented strains were mixed and the mixture incubated at 37 "C, some of the non-pigmented variants could outgrow the corresponding pigmented strains ( 
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Efects of treatment with nitrosoguanidine After treatment with nitrosoguanidine, both yellow-pigmented and non-pigmented mutants were obtained from strain 609 (which produces orange pigment); treatment of strain 6936 (yellow-pigmented) resulted in non-pigmented mutants but no orange-pigmented mutants (Table 3) . If yellow-pigmented mutants from strain 609 were further treated with nitrosoguanidine, non-pigmented derivatives occurred (about 3 % of the survivors), but there was no reversion to orange.
These results are consistent with the existence of at least two genes coding for pigment in the orange-pigmented strains, one coding for orange pigment and one for yellow, and of at least one gene, coding for yellow pigment, in the yellow-pigmented strains. The high incidence of non-pigmented derivatives after mutagenesis of the orange-pigmented strain (609) may indicate that the genes coding for both orange and yellow pigment are located on the same linkage group. (In all experiments involving treatment with nitrosoguanidine, about 20 to 30 % of the pigmented survivors showed an altered intensity of pigment. Altenbern (1967) has made a similar observation.)
The non-pigmented variants of strains 609 and 6936 were treated with nitrosoguanidine. No pigmented derivatives were found in 105 survivors of each strain. Hence, although the capacity to synthesize pigment is lost rather easily, it cannot be regained at a similar frequency: loss of pigment is essentially irreversible, as reported by Altenbern (1967) .
Sur Iival on glass
Cultures were spread and dried on glass and then incubated at various temperatures.
Compared with the corresponding pigmented strains, only I to 35 % of bacteria from nonpigmented strains survived this treatment (Table 4) . Furthermore, the effect was more marked at 37 "C than at 20 "C (Table 4) . If, immediately after the inocula had dried, the glass was incubated at IOO % humidity, there was little subsequent change in the relative numbers of pigmented and non-pigmented cells. This indicates that the non-pigmented cells were probably killed by desiccation rather than by some other factor. Mutants of strains 609 and 6936 which had an altered intensity of pigment were also tested for survival on glass relative to the wild-types : no differences were detected. It appears probable therefore that the genes determining production of pigment and those determining enhanced survival to desiccation are distinct and probably linked.
Sensitivity to linoleic acid
Non-pigmented strains were more sensitive to linoleic acid than the corresponding pigmented strains (Table 5 ). This difference is another factor which could affect the composition Cultures of pigmented strains of Staphylococcus aureus and the non-pigmented variants were mixed, spread on glass, dried, and then incubated for 5 h at 37 or 30 "C, or for 20 h at 20 "C.
Percentage survival of the non-pigmented strains compared with the corresponding pigmented strains was calculated as described in Methods.
Survival (%) of the population of staphylococci in viva, since unsaturated fatty acids are thought to be important in the elimination of these bacteria from the skin (Ricketts, Squire & Topley, 1951) .
Transduct ion
Plasmid-borne genes can be transferred at high frequency from strain 609 to strain 6936 (Lacey, 1971) ; attempts were made to transduce the ability to produce pigment from strain 609 to a mutant of strain 6936 which was novobiocin-resistant and non-pigmented. The donor (strain 609) was used both as whole cells in mixed culture testing, and as a mitomycin C-induced lysate. The mixtures were plated on milk agar containing novobiocin (5 ,ug/ml).
In some cases these plates were supplemented with sodium linoleate (0.05 %, w/v), in others the mixtures were spread on glass and incubated at 37 "C for I h before being plated. Both of these procedures should select for pigmented transductants of strain 6936 if production of pigment is linked to enhanced survival. Transfer of the capacity to synthesize pigment could not be detected in mixed culture or in formal transduction experiments. However, the selection methods used are rather insensitive and the occurrence of transduction of the genes at low frequency has not been excluded.
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Ethidium bromide/ Cs Cl-gradien t centrifugation
Staphylococcal plasmids can be isolated as covalently closed circular DNA (CCC-DNA) on ethidium bromide/CsCl-gradients (Novick & Bouanchaud, I 97 I). Lacey & Grinsted (1972) showed that CCC-DNA could be detected in the pigmented strain FAR^ when it contained a penicillinase plasmid, but CCC-DNA could not be detected in derivatives of FAR^ which had lost the penicillinase plasmid but still formed pigment. Ethidium bromide/ CsC1-gradient centrifugation was carried out on radioactive lysates of antibiotic-sensitive derivatives of the pigmented strains 609 and 6936 : in neither case could a radioactive satellite of CCC-DNA be detected. Thus, when lacking known plasmids, pigmented strains contain no detectable CCC-DNA.
Comparison of DNA from pigmented and non-pigmented strains
Stationary-phase cultures of strains 609, 6936 and FAR5 all contained I to 13 x 1 0 -l~ g DNA/viable bacterium, but in the non-pigmented variants there was only 60 to 70 % of this amount (Table 6 ). These differences were not due to increased clumping of the pigmented strains. (Cultures of the pigmented strains and their corresponding non-pigmented variants were mixed and then counted, either with, or without treatment with triton X-IOO (I %, w/v). There were no significant differences in the proportions of pigmented to nonpigmented bacteria.) It is inferred that the genes coding for pigment production and for enhanced survival in pigmented strains are part of this extra DNA. The relationship between the DNA of strain FAR5 and that of its non-pigmented derivative was investigated by a method of DNA/DNA hybridization in which the proportion of radioactive DNA which could hybridize with an excess of unlabelled DNA was determined.
In the situation where all of the sequences of the radioactive DNA are represented in the unlabelled DNA, as is obviously the case when both radioactive DNA and unlabelled DNA were isolated from the same strain, IOO "/o of the radioactive DNA should be able to hybridize. Values of IOO % hybridization were obtained when labelled and unlabelled DNA from the same source were hybridized and radioactive DNA from non-pigmented cells could hybridize about 100 % with unlabelled DNA from pigmented cells (Table 7) , so the latter contains all the sequences contained in the former. If the additional DNA in the pigmented strain is comprised wholly of sequences which are different from those which make up the rest of the DNA, less than 100 % of labelled DNA from the pigmented strain could hybridize with unlabelled DNA from the non-pigmented strain. But a value of about IOO % was obtained (Table 7) . So DNA from strain FAR5 does not contain many sequences not found in DNA from the non-pigmented variant, in spite of the difference in the amount of DNA/cell.
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DISCUSSION
The skin surface is an important carriage site for Staphylococcus aureus; elimination of the organism from the skin is probably a result of both desiccation and destruction by unsaturated fatty acids (Ricketts et al. 1951 ; Lacey, 1968; Lacey et al. 1970 ). All nonpigmented strains tested were more sensitive to desiccation and to linoleic acid than were the corresponding pigmented strains. These differences could put non-pigmented strains at a disadvantage in vivo, and provide a plausible explanation for the predominance of pigmented strains in clinical isolates.
Irreversible loss of characters at high frequency usually indicates that the relevant genes are part of a plasmid: pigmented strains lost the capacity to synthesize pigment and to resist desiccation and linoleic acid at high frequency when stored on nutrient agar slopes. But no plasmid could be detected physically (as CCC-DNA) in antibiotic-sensitive pigmented strains, and the capacity to synthesize pigment could not be transduced at high frequency, facts which argue against a plasmid site for the genes coding for these characters.
These apparently contradictory results can be reconciled if the genes determining pigment production and enhanced resistance to desiccation and linoleic acid are carried on a linkage group which is not essential for viability in vitro, but is too large to satisfy other criteria of plasmids. This possibility was suggested by finding that cells of non-pigmented variants apparently contained only 60 to 70 % of the amount of DNA contained by the corresponding pigmented strains. If this extra DNA in pigmented strains comprises a single linkage group, it would have a molecular weight of 200 to 300 million daltons, almost certainly too large to be transduced in toto and to be isolated as CCC-DNA on ethidium bromide/ CsCI-gradients. But DNA/DNA hybridization showed that any extra DNA in pigmented strains comprises sequences which also occur in the non-pigmented variants, so the postulated large linkage group in pigmented strains would be comprised predominantly of sequences also found in the chromosome.
